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Previous emotion regulation research has been successful in
altering aversive emotional reactions. It is unclear, however,
whether such strategies can also efficiently regulate
expectations of reward arising from conditioned stimuli, which
can at times be maladaptive (for example, drug cravings).
Using a monetary reward-conditioning procedure with cognitive
strategies, we observed attenuation in both the physiological
(skin conductance) and neural correlates (striatum) of reward
expectation as participants engaged in emotion regulation.
The expectation of a potential reward elicits positive feelings and aids in
the learning of environmental cues that predict future rewards. Central
to this process is the role of the striatum, a multifaceted structure that is
involved in affective learning and general reward processing across
species1–3, which is particularly engaged when potential rewards are
predicted or anticipated4–6. However, this striatum signal can also be
maladaptive and correlates with drug specific cravings7, potentially
increasing urges to partake in risk-seeking behavior8. Given this, it is
important to understand how to regulate or control the positive
feelings associated with reward expectation. One promising method
for examining this is the utilization of cognitive strategies commonly
used in both social9 and clinical8 disciplines. Emotion regulation
strategies, for example, have been successful in attenuating aversive
emotional reactions that are elicited by various types of negative
stimuli10, a pattern that is also reflected in neural regions involved in
emotion, such as the amygdala, with both behavioral and subcortical
neural modulations possibly mediated by prefrontal cortical
regions11,12. Less is known, however, about the efficacy of such
strategies with positive, anticipatory feelings that are elicited by a
conditioned appetitive stimulus. The goal of our study was to inves-
tigate the influence of emotion regulation strategies on the physio-
logical and neural correlates underlying expectations of reward. We
hypothesized that cognitive strategies should successfully decrease
arousal elicited by reward-conditioned cues while attenuating
reward-related activity in the striatum.
Fifteen participants who gave written consent were presented with
an adapted version of a classical conditioning procedure that has been
previously used to study aversive learning13. Specifically, participants
were presented for 4 s with two conditioned stimuli, a blue and a yellow
square, that either predicted (CS+) or did not predict (CS–) a potential
monetary reward ($4.00; Fig. 1a). Prior to each trial, participants
were also given a written cue for 2 s that instructed them to either
attend to the stimulus (that is, ‘‘think of the meaning of the blue square,
such as a potential reward’’) or regulate their emotional response to the
stimulus (that is, ‘‘think of something blue in nature that calms you
down, such as the ocean’’). These antecedent-focused emotion regula-
tion strategies are postulated to work early in the emotional process to
influence the final emotional output9. Notably, there are a variety of
emotion regulation strategies, ranging from active reinterpretation to
more diversion-based approaches, which share similar and distinctive
neural mechanisms (for a review, see ref. 10). The particular instruc-
tions used in the current procedure were adapted from a previous
emotion regulation study11 but involve more general processes of
imagery given the nature of the conditioned stimuli (neutral squares
versus detailed photos). Therefore, participants were exposed to two
types of conditioned stimuli (CS+ and CS–) and two types of instruc-
tion (attend and regulate). Participants were aware of the contingencies
and were well-practiced in the instructions before commencing a
scanning session. Skin conductance responses (SCRs) were acquired
at the onset of each conditioned stimulus as a behavioral measure of
physiological arousal that may relate to reward anticipation (see
Supplementary Methods online for further methodological details).
We obtained written informed consent from 15 participants before
the experiment. A repeated-measures ANOVA with the SCRs revealed a
main effect of type of conditioned stimuli (CS+, CS–; F1,14 ¼ 15.48,
P o 0.001), a main effect of type of instruction (attend, regulate;
F1,14 ¼ 14.75, P o 0.002) and an interaction between the two factors
(F1,14 ¼ 23.51, Po 0.0001; Fig. 1b). This behavioral measure suggests











































Figure 1 Depiction of task-related events and behavioral results.
(a) Participants were presented with two conditioned stimuli (CS, colored
squares depicted in figure as dark and light gray squares). The CS+ trial
(dark gray) predicted a potential monetary reward ($4.00), whereas the
CS– trial (light gray) predicted no monetary reward ($0). Prior to conditioned
stimuli onset, the cues ‘Attend’ or ‘Regulate’ served as instructions for that
trial. (b) SCRs from 15 participants showing an interaction between type
of conditioned stimulus (CS+, CS–) and type of instruction (attend,
regulate; ± s.e.m.).
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linked to the anticipation of a potential reward
typically elicited by a conditioned stimulus.
On the basis of previous studies of reward
processing6 and emotion regulation11, we
sought to identify a priori regions of interest
(ROIs) that were involved in general expecta-
tion of reward (CS+ versus CS– attend trials)
and potential regulation sites in the prefrontal
cortex (regulate versus attend trials). The first
contrast (CS+ versus CS– attend trials) yielded
regions that are typically observed in classical
conditioning procedures14 and reward expecta-
tion6, including activation in the striatum
bilaterally (P o 0.005; see Fig. 2a and Supple-
mentary Table 1 online for specific regions
and values). For each striatum ROI, mean
beta weights were then extracted from each
participant and input into repeated-measures
ANOVAs for further analysis. We observed
interactions between type of conditioned
stimuli and type of instruction in both left
(F1,14 ¼ 16.70, P o 0.001) and right
(F1,14 ¼ 8.97, P o 0.01) striatum ROIs. In
addition, post hoc t tests in the left striatum ROI
(similar in the right) showed a differential
response between attend and regulate CS+
trials (t(14) ¼ 2.35, P o 0.05), but not CS–
trials (t(14) ¼ 1.42, P ¼ 0.18), suggesting that
emotion regulation strategies effectively atten-
uated increases in BOLD response typically observed by reward-
predicting conditioned stimuli (see Supplementary Results online for
additional discussion and analysis).
The second contrast (regulate versus attend trials) yielded a variety of
cortical regions that have been previously implicated in emotion
regulation10,11,15 (Supplementary Table 2 online), although the precise
foci of activation in these cortical regions differs slightly between
studies as a result of factors such as differences in stimuli or techniques
used10. We observed activation in the left middle frontal gyrus (BA 6/9;
Fig. 2b), left inferior frontal gyrus (BA 6/44) and left inferior parietal
cortex (BA 40). Notably, activation also occurred in the left subgenual
cingulate cortex (BA 25), a region previously linked to fear extinction
and regulation14.
Our finding that emotion regulation strategies can successfully
modulate physiological and neural correlates underlying the expecta-
tion of reward in a conditioning procedure is a first step to under-
standing how top-down modulation may effectively control positive
emotions and eventual urges that may arise (for example, drug
craving). This is consistent with recent neuroimaging studies suggest-
ing that cognitive strategies modulate subcortical regions involved in
aversive emotional processing10–12, further extending our results to the
domain of emotional responses elicited by conditioned stimuli that
predict potential rewards. Often, such reward expectations lead to
impulsive decisions that are detrimental to an individual (for example,
drug seeking behavior). Future investigations will target the influence
of emotion regulation on subsequent decision-making.
Note: Supplementary information is available on the Nature Neuroscience website.
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Figure 2 Neuroimaging results. (a) Activation of the striatum bilaterally identified by a contrast of attend
CS+ versus CS– trials (expectation of reward). Mean beta weights from both ROIs showed an interaction
between type of condition stimulus (CS+, CS–) and instruction (attend, regulate; ± s.e.m.). (b) Mean
beta weights for left middle frontal gyrus ROI showing elevated responses during the regulate CS+
compared with the attend CS+ condition (± s.e.m.).
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